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Open access under the ElsThe critical window hypothesis predicts that estrogen replacement therapy (ERT) must be administered
early on the menopause or ovariectomy (OVX) to positively affect cognition. However, the neural
substrates, underling the time dependent efﬁcacy of ERT, are still not completely known. In order to
address this issue, we submitted female mice to 12 weeks of OVX followed by 5 weeks of chronic ERT
(OVXE2). Within the ﬁrst 12 weeks, the OVX animals showed a progressive compromised performance
in the object recognition memory (ORM) task. After ERT, OVXE2 mice, but not the control group (OVXoil),
were able to recognize the new object in the test session. Further, we evaluated the c-Fos expression in
hippocampus, perirhinal cortex (PC) and central amygdala (CeA) of OVXoil and OVXE2 mice, after context
exposure (CTX) or object exploration (OBJ). We observed that ERT increased c-Fos expression unspeciﬁ-
cally for CTX and OBJ. In addition, only the OVXE2 group showed signiﬁcantly higher c-Fos expression in
the PC and CeA after object exploration. Thus, our results showed that delayed chronic ERT improves
ORM (compromised by OVX) and increases constitutive c-Fos expression in temporal lobe regions.
Furthermore, we showed for the ﬁrst time that PC and CeA, but not the hippocampus, present a distinct
pattern of activation in response to object exploration in ovariectomized females that underwent
delayed-ERT.
 2013 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
Several reports and clinical observations have indicated that
menopausal women may suffer from compromised memory func-
tion (reviewed by Hogervorst & Bandelow, 2009). Accordingly, the
estrogen replacement therapy (ERT) may counteract some of the
deleterious effects caused by the long-term deprivation of estradiol
(Phillips & Sherwin, 1992; Robinson, Friedman, Marcus, Tinklen-
berg, & Yesavage, 1994; Sherwin, 1994). However, if initiated late
in life, ERT may be ineffective or even deleterious (Grady et al.,
2002; Shumaker et al., 2004; Whitmer, Quesenberry, Zhou, & Yaffe,
2011). In fact, the aforementioned results corroborate to the ‘‘crit-
ical therapeutic window’’ hypothesis, which states that after men-
opause there is a time window in which ERT is effective. Thus,
outside this conceived critical window, the long-term effects of
estrogen deprivation on brain function become irreversible
(MacLennan et al., 2006; Maki, 2006).rociências, Departamento de
niversidade Federal de Minas
1, Campus Pampulha, Belo
evier OA license.The ovariectomy (OVX) is a procedure that reduces the levels of
circulating ovarian hormones in rodents, thus mimicking some
features of women menopause. Although it is arguable that OVX
is a proper animal model for menopause; it is, nevertheless, a very
useful procedure to study the effects of ovarian hormones in mem-
ory (reviewed by Brinton, 2012). In fact, there are studies showing
that OVX impairs object recognition memory (ORM) (Gresack &
Frick, 2006; Wallace, Luine, Arellanos, & Frankfurt, 2006), though
the duration of the OVX seems important, since short periods
may have no effect on ORM (Capettini, Moraes, Prado, Prado, &
Pereira, 2011; Fernandez et al., 2008).
The deleterious effects of OVX on memory can be reversed,
in the ORM task, by a single injection of estradiol (E2) (Daniel,
Hulst, & Berbling, 2006; Fernandez et al., 2008) or progesterone
(Frye & Walf, 2008, 2010; Lewis, Orr, & Frick, 2008) immediately
after ovariectomy. Interestingly, it seems that in rodents, as in
humans, the timing of estrogen therapy onset after OVX is par-
amount to determine its efﬁcacy. For example, estradiol replace-
ment enhances working memory in middle-aged rats when
initiated immediately after ovariectomy but not after a long-
term period of ovarian hormone deprivation (Daniel et al.,
2006).
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tence of a critical time window for ERT, the neural substrates in-
volved and the underlying mechanisms of its effectiveness is not
completely understood. Thus, it is unclear what are the plastic
changes triggered by ERT that reverse the memory deﬁcit in-
duced by OVX. To pursuit this question, we ﬁrst investigated
ORM along different periods post-OVX (up to 12 weeks) in adult
female mice. After determining at which point OVX-induced
memory deﬁcit was evident, we started a long-term ERT
(5 weeks); which has been shown to be long enough to reverse
the ORM deﬁcit (Heikkinen, Puolivali, & Tanila, 2004). Further,
we evaluated the effect of delayed-ERT on the pattern of c-Fos
expression in temporal lobe structures. In summary, our results
showed that delayed chronic ERT improves ORM (compromised
by OVX), increases constitutive c-Fos expression in temporal lobe
regions and induces object-dependent activation of the perirhinal
cortex and central nucleus of the amygdala.2. Methods
2.1. Animals
Subjects were C57BL/6J female mice (8 weeks of age at the
beginning of the experiments) purchased from the Animal Facility
of the Universidade Federal de Minas Gerais (Brazil). The animals
were maintained in a climate-controlled animal housing unit (Ale-
sco, Brazil): 12 h/12 h light/dark cycle, room temperature at
22 ± 2 C and relative humidity at 55 ± 10%. Food and water were
available ad libitum. Experimental procedures were conducted dur-
ing daytime. Experiments are licensed under the Protocol 035/
2009 of the Institutional Animal Care and Ethics Committee of
the Universidade Federal de Minas Gerais.
2.2. Ovariectomy
Eight weeks old female mice were anesthetized using a mixture
of ketamine (100 mg/kg) and xylazine (10 mg/kg). An abdominal
incision was made just lateral to the midline at the pelvic level.
In the OVX group, the ovary, oviduct, and top of the fallopian tubes
were clamped and removed. The surgical procedure for the control
group, named sham-operated mice, was the same except that the
ovaries were not removed. The abdominal wall and the skin were
sutured (Capettini et al., 2011) and animals allowed recovering
for at least 1 week. After recovery from anesthesia, mice received
a unique injection of analgesic, anti-inﬂammatory and anti-ther-
mal mixture (0.3 mg/kg, Banamine, Shering-Plough, Brazil) and re-
turned to their home cages for at least 1 week.
2.3. Estrogen replacement therapy (ERT)
After 12 weeks of ovariectomy, mice were anesthetized using
ketamine (100 mg/kg) and xylazine (10 mg/kg). A 1 cm incision
was made in the animal’s nape and a silastic capsule (0.04 in./
0.085 in., inner/outer diameter; volume, 4 lL; Down Corning, Mid-
land, MI) containing either corn oil (vehicle, OVXoil group) or 17-b
estradiol (E2; Sigma: 0.18 mg/4 lL, OVXE2 group) was implanted
subcutaneously. After recovering from anesthesia, mice received
a unique injection of analgesic, anti-inﬂammatory and anti-ther-
mal mixture (0.3 mg/kg, Banamine, Shering-Plough, Brazil) and re-
turned to their home cages for at least 5 weeks. This protocol
produces levels of E2 in serum around 50–100 pg/ml, which is
slightly higher than the serum estradiol levels of 35–75 pg/ml re-
ported in mice during proestrus (Grasso & Reichert, 1996; Heikki-
nen et al., 2004; Nelson, Felicio, Osterburg, & Finch, 1992). We used
the uterus weight to evaluate the ERT effectiveness. At the end ofthe experiment, animals were euthanized by decapitation and
the uterus was removed. During the procedure of weighting, we
lost the data of three animals from OVXoil group.
2.4. Novel Object Recognition (NOR)
All animals were given two 20min habituation session, one per
day, inaplastic cage (50 cm  40 cm  20 cm)withnoobjects,which
was equally illuminated. Twenty-fourhours after the last habituation
session, animals were allowed to explore two identical objects, each
one always presented at the same location inside the box, for a total
of 10 min (training session: TR). Memory retention was evaluated
during the test session (TT) carried out 24 h after the TR. During TT,
with duration of 10 min, the familiar and the novel objects were pre-
sented at the same location the objects were presented during the
training phase. However, during the test phase, to avoid a natural
preference of the animals for one location or another,wepseudo-ran-
domly interchanged the location of the new object. All objects (avail-
able in duplicate) presented similar material and size, but distinct
shape. The objects had been selected from a large pool of objects on
the criterion that mice would spend approximately equal amounts
of time exploring each of them (data not shown). Between each
change of animals, box and objects were cleaned with 70% alcohol
and air-dried. Exploration time was deﬁned as snifﬁng or touching
theobjectwith thenoseandwasquantiﬁedby the softwareDebutVi-
deo Captura. Data are expressed as recognition index, calculated
according to the following formulae: time exploring the new object/
(time exploring the familiar object + time exploring the new object)
(Capettini et al., 2011; Gusmao et al., 2012; Lazaroni et al., 2012).
2.5. Immunohistochemistry
Animals were exposed to the context (box groups) or to the
context containing two identical objects (object groups). After
10 min, the animals return to their home cage and 1.5 h after they
were anesthetized with ketamine (100 mg/kg) and xylazine
(10 mg/kg) and underwent transcardial perfusion with 0.01 M
phosphate buffer saline (PBS), followed by 4% paraformaldehyde
(PFA) in PBS. The brains were removed and placed overnight in
the same ﬁxing solution and afterwards in 30% sucrose in PBS at
4 C for 3 days. Brains were frozen in 99% isopentane and main-
tained at 45 C for 1 min. Shortly after freezing, 40 lm thick coro-
nal brain cryo-sections (from Bregma 1.06 mm to 2.80 mm,
Paxinos & Franklin, 2001) were obtained (cryostat model 300)
and stored at 20 C in PBSAF [PBS, 20% sucrose, 15% ethylene gly-
col, 0.05% NaN3]. The sections were washed three times in 0.01 M
Trizma base saline buffer (TBS) before being placed in hydrogen
peroxide (3% H2O2/TBS) for 10 min. Next, the sections were washed
three times for 6 min in TBS/0.3% Triton X-100, followed by 2 h of
incubation in a blocking solution [3% normal goat serum (NGS) in
TBS/0.3% Triton X-100]. Then, the primary antibody against c-Fos
(Santa Cruz, sc-52), diluted 1:1000, was added and incubated over-
night at room temperature. Next day, the sections were washed
three times for 6 min in TBS with 0.3% Triton X-100 and incubated
with the secondary antibody (1:1000, biotinylated anti-IgG anti-
body goat anti-rabbit; Vector Laboratories) for 2 h at room temper-
ature. After, the sections were washed three times for 6 min in TBS
with 0.3% Triton X-100 and incubated with avidin–biotin horserad-
ish peroxidase complex (1:500 in TBS; Vector Laboratories) during
1 h at room temperature. Subsequently, the sections were washed
three times for 6 min in TBS and three times for 6 min in 175 mM
acetate buffer. The sections were developed with a solution con-
taining 0.2 mg/ml diaminobenzidine (DAB), 25 mg/ml nickel sul-
fate and 0.0025%H2O2 in acetate buffer for 15 min. Finally, the
sections were mounted on gelatin-coated slides, air-dried, dehy-
drated in xylene, and embedded in entellan.
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Immunostaining was analyzed with AxioImager M2 micro-
scope, with Plan-Apochromat x5 objective. Photomicrographs of
stained brain sections were taken with a digital camera (AxioCam
MRm, Zeiss) and analyzed using ImageJ software. The nuclei den-
sity was quantiﬁed by selecting the following areas: hippocampus
(CA1, CA3 and dentate gyrus), perirhinal cortex (using the rhinal
ﬁssure as indicative of the area) and amygdala (LA, BLA and Ce).
At least four sections for each brain structure were analyzed. All
the slices analyzed for the hippocampus, PC and amygdala immu-
noreactivity were between Bregma 1.70 to 2.30 mm; 1.34 to
2.06 mm and 1.34 to 2.30 mm, respectively (Radwanska
et al., 2011).Fig. 2. (A) Effect of 5 weeks of estrogen replacement therapy on novel object
recognition task, after 12 weeks of ovariectomy (OVX). OVXoil (n = 10) and OVXE2
(n = 11); P < 0.05 indicates preference for the new object. (B) Uterus weight after
the replacement with estradiol or oil during 5 weeks. OVXoil (n = 7), OVX E2
(n = 10); P < 0.0001.2.7. Experimental design
2.7.1. Experiment 1
Sham-operated (n = 9) and OVX female mice (n = 10) were
trained and tested in the object recognition task 1, 6 and 12 weeks
(1 week, 6 week and 12 week) after the surgery. To avoid that pre-
vious test in the object recognition affected the subsequent one, we
used three distinct context (same dimension and shape, but differ-
ent color and smell). We also used distinct objects in each training/
test sessions.2.7.2. Experiment 2
Eighteen female mice were ovariectomized and after 12 weeks
were submitted to a surgery to implanting the silastic capsule con-
taining corn oil (OVXoil, n = 9) or 17-b estradiol (OVXE2, n = 9). After
5 weeks, animals were trained in the object recognition task and
tested 24 h afterward. At the end of the experiment, all animals
were weighted, euthanized and their uteri were removed to calcu-
late the relative uterus weight.2.7.3. Experiment 3
Twenty-four female mice were ovariectomized and after
12 weeks were submitted to a surgery to implanting the silastic
capsule containing corn oil (n = 12) or 17-b estradiol (n = 12). After
5 weeks, animals were assigned to box group, exposed during
10 min only to the context, or object group, allowed to explore
two identical objects during 10 min. 1.5 h after, animals were per-
fused and their brains were used to analyzed c-Fos expression
through immunohistochemistry.Fig. 1. Time-dependent effect of ovariectomy (OVX) on novel object recognition
memory. Sham (n = 9) and OVX (n = 10); P < 0.001 indicates difference from 1 week
of OVX; #P < 0.05 indicates difference between Sham and OVX.2.8. Statistical analysis
To analyze if animals spent signiﬁcantly more than 50% of explo-
ration timewith thenovel object,weusedone-sample t-test. This ini-
tial analysis is important to demonstrate that the animals have better
than chance performance, otherwise, the task does not measure ob-
ject recognition memory. The recognition index (RI) values above
0.5 mean that the animal recognized the new object. To compare
groups,weused theunpaired t-test (Fig. 2A)or two-wayrepeatedAN-
OVAwith Bonferroni post hoc, with surgery (sham versusOVX) as be-
tween-subject factor and time (1 versus 6 versus 12 weeks after
surgery) as thewithin-subjects factor (Fig. 1). Signiﬁcant interactions
were further analyzed by one-way ANOVA with Bonferroni post hoc
or unpaired t-test. Results presented in the Fig. 2B were analyzed by
unpaired t-test. The c-Fos expressions (Figs. 3–5) were analyzed by
two-way ANOVA with Bonferroni’s post hoc.
3. Results
3.1. Experiment 1: Time-dependent effect of ovarian hormones
deprivation on novel object recognition memory
The two-way ANOVA analysis of the time-dependent effect of
OVX on novel object recognition memory revealed an interaction
between factors (surgery  time: F(2,50) = 4.19, P = 0.02), then
the factors were further analyzed separately. There was no differ-
ence between weeks in the sham group (F(2,23) = 33,75,
P = 1.0), though we observed a time-dependent effect in the OVX
group (F(2,29) = 24.90, P < 0.001). The post hoc analysis demon-
strated statistical difference between 1 versus 6 and 12 week in
the OVX group (Fig. 1).
The comparison between sham andOVX revealed no difference in
the ﬁrst (t(16) = 1.66, P = 0.11) or sixth week after OVX (t(17) = 0.61,
P = 0.54). However, we observed a statistical difference between
groups in the 12th week post-OVX (t(17) = 2.66, P = 0.01) (Fig. 1).
Our results cannot be explained by some deﬁcit in the exploratory
activity, since sham and OVX female mice explored the objects
equally during the training session (results expressed in seconds as
mean ± SD. 1 week: 15.66 ± 2.69 and 28.11 ± 6.2; t(16) = 1.67
P = 0.11; 6 week: 34.4 ± 5.7 and 44.46 ± 6.5; t(17) = 1.2, P = 0.27 and
12 week 31.14 ± 7.4 and 35.3 ± 3.1; t(17) = 0.66, P = 0.51).
3.2. Experiment 2: Delayed 17-beta estradiol replacement therapy
effect on novel object recognition memory
Since we demonstrated that 12 week of OVX is sufﬁcient to
impaired object recognition memory, we decided to evaluate the
Fig. 3. Effect of estradiol replacement therapy on c-Fos expression in the CA1, CA3 and DG of the hippocampus after context exposure (box) or object exploration (object).
OVXoil box (n = 5), OVXoil object (n = 5), OVXE2 box (n = 6), OVXE2 object (n = 5). P < 0.001 indicates main treatment effect.
Fig. 4. Effect of estradiol replacement therapy on c-Fos expression in the perirhinal cortex after context exposure (box) or object exploration (object). OVXoil box (n = 6),
OVXoil object (n = 6), OVXE2 box (n = 6), OVXE2 object (n = 5). P < 0.001 indicates main treatment effect. #P < 0.001 indicates difference between OVXE2 box and OVXE2 object.
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The one-sample t test revealed that OVXoil group was not able to
recognize the new object (t(8) = 0.08, P = 0.93). However, the
OVXE2 group recognized the new object (t(8) = 5.29, P = 0.0007).
The comparison between groups showed statistical difference be-
tween OVXoil and OVXE2 (t(16) = 3.1, P = 0.006) (Fig. 2A). Further-
more, we did not observed difference between groups regarding
object exploration during the training (results expressed in sec-
onds as mean ± SD. OVXoil = 66.22 ± 30.86 and OVXE2 = 70.25 ±
27.95; t(16) = 0.29, P = 0.77). We also demonstrated that the ERT
used here was sufﬁcient to increase the uterus weight, suggesting
that the ERT was effective (Fig. 2B).
3.3. Experiment 3: ERT effect on object-dependent c-Fos expression in
the hippocampus
The c-Fos expression in the hippocampus was analyzed in
the CA1, CA3 and DG regions. There was no interaction betweenfactors in CA1 area (F(1,17) = 0.01, P = 0.89) or a main effect of
task (F(1,17) = 0.53, P = 0.47). However, we observed a main ef-
fect of treatment (F(1,17) = 75.08, P < 0.0001), being the OVXoil
different from OVXE2 (P < 0.05) (Fig. 3A). In CA3 area, we
observed no interaction between factors (F(1,17) = 0.15,
P = 0.69) nor main effect of task (F(1,17) = 0.7, P = 0.41), but a
main effect of treatment (F(1,17) = 40.14, P < 0.0001). Further,
we observed statistical difference between OVXoil and OVXE2
(Fig. 3B). Finally, the analysis of the c-Fos expression in the
DG of the hippocampus showed no interaction between factors
(F(1,17) = 0.26, P = 0.61), nor a main effect of task
(F(1,17) = 1.92, P = 0.18). However, we observed a main effect
of treatment (F(1,17) = 83.79, P < 0.0001), with statistical differ-
ence between OVXoil and OVXE2 (P < 0.005) (Fig. 3C). Taken to-
gether, our results show that delayed E2 treatment did not
alter the hippocampus activation in response to object explora-
tion, but increased the c-Fos expression, nonspeciﬁcally, in the
hippocampus of treated females.
Fig. 5. Effect of estradiol replacement therapy on c-Fos expression in the lateral (LA), basolateral (BLA) and central (Ce) nucleus of the amygdala after context exposure (box)
or learning (object). OVXoil box (n = 6), OVXoil object (n = 6), OVXE2 box (n = 6), OVXE2 object (n = 5). P < 0.001 indicates main treatment effect. #P < 0.001 indicates difference
between OVXE2 box and OVXE2 object.
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the perirhinal cortex (PC)
The two-way ANOVA showed interaction between treatment
and task (F(1,18) = 7.92, P = 0.01). Then, we analyzed the factors
separately by independent t-test. The E2 treatment increased the
c-Fos expression after box (t(10) = 9.84, P < 0.0001) and objects
exploration (t(9) = 10.66, P < 0.0001). However, there was a
speciﬁc object-dependent activation of the PC in the OVXE2
(t(9) = 5.06, P = 0.0007), but not in the OVXoil (t(10) = 1.11,
P = 0.29) (Fig. 4). Our results demonstrated that the PC is sensi-
tive to the E2 effect on increasing the c-Fos expression. We also
demonstrated speciﬁc object-dependent activation of the PC in
mice treated with E2.3.5. Experiment 3: ERT effect on object-dependent c-Fos expression in
the amygdala
We observed no interaction between factors in the lateral nu-
cleus (LA) (F(1,19) = 0.6, P = 0.44). In addition, there was a main ef-
fect of treatment (F(1,19) = 72.14, P < 0.0001), which the post hoc
analysis showed statistical difference between OVXoil and OVXE2
(P < 0.005) (Fig. 5A). We also observed a main effect of task
(F(1,19) = 6.06, P = 0.02), though the Bonferroni’s post-test failed
to reach signiﬁcance (P > 0.05). We also analyzed c-Fos expression
in the basolateral nucleus (BLA) of the amygdala. There was no
interaction between factors (F(1,9) = 0.007, P = 0.92) and a trend
to main effect of task (F(1,19) = 4.22, P = 0.05) (Fig. 5B). Further-
more, we found a main effect of treatment (F(1,19) = 60.79,
P < 0.0001) and statistical difference between OVXoil and OVXE2
groups (P < 0.05). Finally, we decided to evaluate the c-Fos expres-
sion in the central nucleus of the amygdala (Ce), the principal out-
put of the amygdala. There was no interaction between factors
(F(1,18) = 1.12, P = 0.3), but a main effect of the treatment
(F(1,18) = 44.96, P < 0.0001) in both box and object groups, similar
to the observed in the LA and BLA. Interestingly, we found a main
effect of task (F(1,18) = 10.24, P = 0.005), with object-dependent
activation only in the OVXE2 (P < 0.05) (Fig. 5C). Our resultsdemonstrated that as the other temporal lobe regions analyzed
here, the E2 treatment upregulates c-Fos expression in the amyg-
dala. We also showed that objects exploration induces an activa-
tion of the Ce only in the E2 treated group.4. Discussion
The main objective of the current study was to investigate what
are the plastic changes triggered by ERT, once the memory deﬁcit
induced by OVX is installed, possibly related to its positive effects
on memory. Thus, as principle, we needed an experimental design
that was within the critical therapeutic window. Indeed, we
showed here that the ORM, impaired by 12 weeks of OVX, is res-
cued after 5 weeks of ERT. Considering that the critical window
hypothesis predicts that ERT has an appropriate time to be initi-
ated to positively affect cognition, our results indicate that
12 weeks of OVX is not sufﬁcient to eliminate the beneﬁcial effects
of ERT on ORM.
In disagreement to our ﬁndings, Daniel et al. (2006) showed
that delayed-ERT did not rescue the memory deﬁcit of OVX-female
rats. However, there are several differences between the aforemen-
tioned and the current study. In the previous work, the authors
used middle-aged rats (12 months), 5 months delayed-ERT and
evaluated working memory in the radial maze. Thus, it is possible
that we found a positive effect of ERT because we (1) evaluated a
different type of memory; (2) used a shorter period of OVX
(12 weeks instead of 5 months) and (3) used adult mice (8 weeks
age at the time of OVX). In fact, the ERT effects on memory are
highly sensitive to the animal’s age (reviewed by Frick, 2009). In
our study we excluded the factor aging by initiating the ovarian
hormone deprivation in the adulthood. However, it is possible that
the delayed-ERT protocol used here, if conducted in aging mice,
would not be effective in restoring ORM. Thus, the critical thera-
peutic window of ERT seems to be inﬂuenced by at least two major
factors, which are most likely interdependent: (1) The onset age
and duration of hormone deprivation (menopause or OVX) before
commencing ERT; (2) The duration of ERT treatment in order to
start showing memory improvement.
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all brain areas analyzed, independently of the context or object’s
exploration. Thus, the c-Fos gene expression, which is classically
used to identify neuronal activation (Curran & Morgan, 1987; Mor-
gan, Cohen, Hempstead, & Curran, 1987), has an estrogen depen-
dent modulation (Hyder, Stancel, Nawaz, McDonnell, & Loose-
Mitchell, 1992; Weisz & Rosales, 1990). In fact, independently of
the external stimulation conditions, E2 is able to increase baseline
c-Fos mRNA and protein in the mid-brain, hippocampus, frontal
cortex and bed nucleus of stria terminalis (BNST) (Cattaneo & Mag-
gi, 1990; Giannakopoulou, Bozas, Philippidis, & Stylianopoulou,
2001; Priest & Roberts, 2000; Wang et al., 2004). Here, we showed
for the ﬁrst time that chronic delayed-ERT changes the basal
expression of the c-Fos protein in the hippocampus, amygdala
and perirhinal cortex.
Apart from the task/stimuli/context unspeciﬁc effect of ERT on
c-Fos expression, we also found an object-dependent activation
of the PC, but not the hippocampus, in the estradiol treated mice.
These results suggest that ERT promotes PC, but not hippocampus
activation after the object-exploration, which could be contradic-
tory since it is well known that the ORM processing requires the
involvement of the entire medial temporal lobe (Clark, Zola, &
Squire, 2000; Logothetis & Sheinberg, 1996; Riesenhuber & Poggio,
2002). However, it has been showed that temporal lobe regions are
recruited differentially, depending of the protocol used to evaluate
ORM. For example, the PC seems to have a particularly importance
to perception of objects (Murray & Bussey, 1999; Winters, For-
wood, Cowell, Saksida, & Bussey, 2004) probably because it re-
ceives inputs from unimodal visual areas (reviewed by Squire,
Stark, & Clark, 2004). The hippocampus, in turn, appears to be more
related to the spatial arrangement of the objects in the context.
Accordingly, protocols involving spatial components are more sen-
sitive to hippocampus lesions (Aggleton, Keen, Warburton, & Bus-
sey, 1997; Winters et al., 2004). Nevertheless, there are close
functional interactions between PC and hippocampus (Jo & Lee,
2010), especially when the object identiﬁcation and its spatial
location in the context have to be processed simultaneously.
Therefore, considering the protocol used here, the integrative func-
tion between hippocampus and PC is more likely to be occurring
during object discrimination, which means, during the test session.
As wemeasured c-Fos expression after the exploration of two iden-
tical objects, with no confrontation between objects or distinct
spatial arrangements, it is understandable the absence of an ob-
ject-speciﬁc increasing in hippocampal c-Fos expression; which
does not mean the hippocampus is unimportant for object recogni-
tion memory.
We also decided to verify the activation of the amygdala after
context or object exposure. This region presents high expression
of estradiol receptors (Merchenthaler, Lane, Numan, & Dellovade,
2004), suggesting the amygdala as a potential target for the ERT ef-
fects. Indeed, it has been demonstrated a close relation between
estradiol, amygdala activation and emotional memories in both
women (Epperson, Amin, Ruparel, Gur, & Loughead, 2012) and rats
(Zeidan et al., 2011). In contrast, it appears that the amygdala is not
preferentially activated during the object recognition task (Dere,
Huston, & De Souza Silva, 2007; Hannesson et al., 2008), albeit
we observed an object-dependent activation of the central nucleus
of the amygdala (CeA), exclusively in the OVXE2 group.
The CeA is the main amygdala output (reviewed by Sah, Faber,
Lopez De Armentia, & Power, 2003) and its activity is considered
essential for fear expression (Jimenez & Maren, 2009; Rodrigues,
LeDoux, & Sapolsky, 2009; Wilensky, Schafe, Kristensen, & LeDoux,
2006; Zimmerman, Rabinak, McLachlan, & Maren, 2007). Further-
more, the intrinsic circuits of the CeA modulate distinct compo-
nents of the fear. It was recently showed that fear responses are
dependent of the neuronal activity of the lateral subdivision ofthe CeA, while the output neurons in the medial subdivision deter-
mines the conditioned fear responses (Ciocchi et al., 2010). The
accurate consequence of increasing CeA activation in OVXE2 female
mice in response to object exploration is unachievable in the pres-
ent study, though it is possible that CeA activation is increasing the
amygdala output during the objects exploration.
Taken together, our major ﬁndings indicate that in females that
underwent delayed chronic ERT, the object-dependent c-Fos
expression of the hippocampus, perirhinal cortex and amygdala
show a differential pattern of activation that might explain the
beneﬁts of such treatment in cognitive processes.
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